Astronomical objects, such as, stars, galaxies, blackhole environments, etc are studied through their spectra produced by various atomic processes in their plasmas. The positions, shifts, and strengths of the spectral lines provide information on physical processes with elements in all ionization states, and various diagnostics for temperature, density, distance, etc of these objects. With presence of a radiative source, such as a star, the astrophysical plasma is dominated by radiative atomic processes such as photoionization, electron-ion recombination, bound-bound transitions or photoexcitations and de-excitations. The relevant atomic parameters, such as photoionization cross sections, electron-ion recombination rate coefficients, oscillator strengths, radiative transition rates, rates for dielectronic satellite lines etc are needed to be highly accurate for precise diagnostics of physical conditions as well as accurate modeling, such as, for opacities of astrophysical plasmas. This report illustrates detailed features of radiative atomic processes obtained from accurate ab initio methods of the latest developments in theoretical quantum mechanical calculations, especially under the international collaborations known as the Iron Project (IP) and the Opacity Project (OP). These projects aim in accurate study of radiative and collsional atomic processes of all astrophysically abundant atoms and ions, from hydrogen to nickel, and calculate stellar opacities and have resulted in a large number of atomic parameters for photoionization and radiative transition probabilities. The unified method, which is an extension of the OP and the IP, is a self-consistent treatment for the total electron-ion recombination and photoionization. It incorporates both the radiative and the dielectronic recombination processes and provides total recombination rates and level-specific recombination rates for hundreds of levels for a wide range of temperature of an ion. The recombination features are demonstrated. Calculations are carried out using the accurate and powerful R-matrix method in the close-coupling approximation. The relativistic fine structure effects are included in the Breit-Pauli approximation. The atomic data and opacities are available on-line from databases at CDS in France and at the Ohio Supercomputer Center in the USA. Some astrophysical applications of the results of the OP and IP from the Ohio State atomic-astrophysics group are also presented. These same studies, however with different elements, can be extended for bio-medical applications for treatments. This will also be explained with some preliminary findings.
Introduction
The initial study of an astronomical object can be made via photometry which gives information on location, size, surroundings, etc alongwith low level spectroscopy. Figure 1 shows a photometric image of supernova remnant Cassiopia A 1 composed of infrared data from the Spitzer, visible data from the Hubble Space Telescope, and X-ray data from the Chandra observatory. A supernova remnant typically consists of an outer, shimmering shell of expelled material and a core skeleton of a once-massive star, called a neutron star. Heavy elements in universe are known to be formed during a supernova explosion.
However, details such as, temperature, density, speed, composition etc can be obtained only from precise spectroscopy. What we see in an astronomical object depends on how the nuclear energy (gamma rays) produced in the core of the star propagates to the surface. As the radiation travels outward it goes through repeated absorption and emission by atoms and molecules and looses energy to become visible photons. This process depends on the opacity of the constituent materials. Stellar opacities give measures of radiation transport in the plasmas and are crucial in calculating various quantities and analyzing astrophysical spectra. Opacities depend mainly on oscillator strengths and photoionization cross sections of all transitions in the constituent elements.
About 25 years ago, it was realized that the existing calculated stellar opacities, obtained using atomic data from simple approximations, were incorrect by factors of 2 to 5 resulting in inaccurate stellar models. For example, pulsation periods of Cepheid stars, which are used in gauging the distances of astronomical objects, could not be modeled. A plea was made for accurate opacity using accorate atomic parameters. This initiated the international Opacity Project 2 for precise study of the radiative processes of all astrophysically abundant atoms and ions, from hydrogen to iron, and calculate the opacities. With the same theme, the Iron Project 3 was initiated later for both radiative and collisional process, however, for iron-peak elements and with inclusion of fine structure effect in the calculations. The OP and the IP include a very wide energy range, from infrared (IR), optical (O), ultraviolet (UV), extreme ultraviolet (EUV) to X-rays. The theoretical approach of R-matrix method using close coupling approximation enables consideration of large number of energy levels, and corresponding transitions, and photoionization.
Radiative Atomic Processes
Astrophysical plasmas are dominated by three radiative atomic processes. (1) Photo-excitation and de-excitation:
where X +Z is the ion with charge Z. The emitted or absorbed photon (hν) is observed as a spectral line. The relevant atomic parameters for the direct and inverse processes are oscillator strength (f ) and radiative decay rate (A-value).
The other two are the inverse processes of (2) photoionization (PI) and (3) electron-ion recombination. In direct photoionization and radiative recombination (RR), an electron is ejected with absorption of a photon or recombines to a ion with emission of a photon: Photoionization resonances can be seen in absorption spectra while recombination resonances can be seen in emission spectra. The relevant atomic parameters for these processes are photoionization cross sections (σ P I ), recombination cross sections (σ RC ) and rate coefficients (α RC ).
Theory
The relativistic Hamiltonian of a multi-electron system in Breit-Pauli R-matrix (BPRM) method is given by,
where the non-relativistic Hamiltonian is,
and the three one-body relativisitc terms are mass correction,
ri , and spin-orbit interation term,
2m 2 c 2 r 3 L.S. However, the effects of higher order terms, especially the two-body terms, in the Breit-Pauli Hamiltonian,
where the notation are c for contraction, d for Darwin, o for orbit, s for spin and a prime indicates 'other' can improve the energies and weak transitions. We include full Breit interaction,
for the weak forbidden transitions.
The energies and wavefunctions of the (N+1)-electron system can be obtained from solving
The close coupling (CC) approximation for wavefunction describe an atomic process as a target or the core ion of N electrons interacting with the (N+1)th electron (e.g. Seaton 4 ). Total wavefunction expansion is expressed as:
where χ i is the target ion or core wavefunction at state i, θ i is the interacting electron wavefunction, which is a continuum state wavefunction Ψ F when E ≥ 0 or bound state function Ψ B when E < 0. Φ j is a correlation function of (e+ion) compensating the short-range correlation and orthogonality condition. The complex resonant structures in the atomic processes are introduced through couplings of bound and continuum channels in the transition matrix. Substitution of Ψ E (e+ion) in Hamiltonian equation results in a set of coupled equations which are solved by Rmatrix method.
R-matrix method divides the space in two regions, the inner and the outer regions, of a sphere of radius r a with the ion at the center. r a is large enough for electron-electon interaction potontial to be zero outside the boundary; wavefunction at r > r a is Coulombic due to perturbation from the long-range multipole potentials. In the inner region, the partial wave function of the interacting electron is expanded in terns of a basis set, called the R-matrix basis,
(6) and are made continuous at the boundary by matching with the Coulomb functions outside the boundary.
For radiative processes, the transition matrix elements < Ψ B ||D||Ψ B > for bound-bound transitions and < Ψ B ||D||Ψ F > for photoionization and recombination are obtained with dipole operator, D = i r i , where i is the number of electrons. The generalized line strength, S, can be obtained as
The oscillator strength (f ij ) and radiative decay rate (A ji ) for a dipole bound-bound transition are then obtained as
The photoionization cross section, σ P I , is related to S as
where ω is incident photon energy in Rydberg units and g i is the statistical weight factor of the initial state.
Recombination cross section, σ RC , for any level can be obtained from σ P I using principle of detailed balance (Milne relation) as
These can be summed for the total σ RC . Recombination rate coefficient in terms of photoelectron energy is given by
The recombination rate coefficient, α RC (T ), at various temperatures is obtained as
where
is the Maxwellian velocity distribution function. The total α RC is obtained from summed contributions of infinite number of recombined states.
The unified theory for electron-ion recombination considers all infinite recombining levels and subsumes RR and DR in unified manner [5] [6] [7] in contrast to existing methods that treat RR and DR separately and the total rate is obtained from α RC = α RR + α DR neglecting the interference between RR and DR. The unified method divides the recombined states in to two groups. The contributions from states with n ≤ 10 (group A) are obtained from σ P I using principle of detailed balance, while the contributions from states with 10 < n ≤ ∞ (group B), which are dominated by narrow dense resonances, are obtained from an extension of the DR theory:
where the DR probability P Jπ n in entrance channel n is, P Jπ n (DR) = (1 − S † ee S ee ) n , S ee is the matrix for electron scattering including radiation damping. The recombination cross section, σ RC in Megabarns (Mb), is related to the collision strength, Ω RC , as
where k 2 i is in Rydberg. The method provides selfconsistent set of σ P I , σ RC , and α RC as they obtained using the same wavefunction. It also provides levelspecific recombination rate coefficients and photoionization cross sections for many bound levels.
Under the IP, f , S, and A-values for fine structure forbidden transitions, and allowed for some complex ions, are treated with relativistic configuration interaction atomic structure calculations using code SUPERSTRUCTURE (SS). 9 The allowed and forbidden transitions are as summarized as: Allowed electric dipole (E1) transtitions are of two types: (i) same-spin multiplet (∆ j=0,±1, ∆L = 0, ±1, ±2, ∆S = 0, parity π changes), (ii) intercombination (∆ j=0,±1, ∆L = 0, ±1, ±2, ∆S = 0, π changes):
where S E1 (ij) is the line strength for E1 transition. Forbidden transitions, which are usually much weaker than the allowed transitions, are of higher order magnetic and electric poles. i) Electric quadrupole (E2) transitions (∆ J = 0,±1,±2, parity does not change):
ii) Magnetic dipole (M1) transitions (∆ J = 0,±1, parity does not change):
iii) Electric octupole (E3) transitions (∆ J= ±2, ±3, parity changes):
iv) Magnetic quadrupole (M2) transitions (∆ J = ±2, parity changes):
The lifetime of a level can be calculated from the
Results
Results with various features on oscillator strengths and radiative decay rates for bound-bound transitions, photoionization cross sections and recombination rate coefficients are illustrated below.
Radiative Transitions: f , S, A-values
Under the IP, E1 transitions are calculated for levels going up to n=10 and l ≤ 9 while weaker forbidden transitions are considered up to n ≤ 5 in general. The advantage of BPRM method is that a large number of energy levels and transitions can be calculated, however, without spectroscopic identification. Theoretical spectroscopy for level identification, which is a major task, is carried out using quantum defect analysis, percentage of channels contributions, and angular momenta algebra. For example, a recent BPRM calculations for Fe VX 11 has resulted in 507 fine structure levels and corresponding 27,812 transitions of type E1. The energies are found be within 1% in agreement with the observed values available in NIST 12 compiled table. Table 1 presents an example set of identified energy values grouped together as fine structure compoments of Fe XV.
Close coupling approximation with R-matrix method does not optimize individual transitions. Hence, consistent accuracies are expected in general. Table 2 presents comparison of BPRM transition probabilies of Fe XV 11 with the available values. Good agreement can be seen for most transitions. However, some differences are also exist. Table 2 also presents comparison of A-values for forbidden transitions in Fe XV, 11 obtained from relativistic BreitPauli approximation using SUPERSTRUCTURE, 9 with those available in NIST compilation.
12 Good agreement is found between SS and NIST for E2, M1 transitions. Variable agreement is noted between SS and NIST for M2 transitions. Consideration of large number of transitions is needed for opacity calculations, spectral modeling of astrophysical plasmas. Figure 2 shows modeling of Fe I, Fe II, and Fe III lines observed in spectra of active galaxy 1 Zwicky 1. With large number oscillator strengths of Fe I-III in various modelings, agreement is good in general except in shorter wavelength re- gion.
Photoionization -Cross sections and Resonances
Similar to oscillator strenghts, IP considers photoionization cross sections σ P I for the ground and large number of excited bound states with n ≤ 10 and l ≤ 9. CC approximation enables inclusion of extensive resonances in σ P I that are not possible with central field approximation. Resonances exist inher- ently in photoionization and recombination processes for all atomic systems with more than one electron. Hence, with no core in hydrogen σ P I is smooth, but it shows resonances in two electron helium atom. 16 ) resonances exist in valence electron excited states only, that is, no PEC resonance for the ground or equivalent electron states, and often are enhanced and wider. iii) Overlapped resonant features forming from Rydberg series of states that belong to closely spaced core levels. iv) Resonances from quasibound equivalent electron states, usually broad, from Coulumb attraction and require atomic structure calculations for their identification. They occur not common. v) Fine structure effects can introduce narrow resonances which are allowed in fine structure, but not allowed in LS coupling.
For a complex system, such as neutral cromium Cr I, the resonant features in photoionization can be intriguing as seen in Fig. 4 which presents σ P I of 3d 5 4s( 5 P ) state of Cr I. 15 The entire energy range is filled with extensive narrow resonances. Due to large number of core excitations, 39 in total, in the energy range overlapping of series of resonances is obvious. The background cross section has been enhanced by the first core excited state 3d 5 4s( 6 D) (pointed by arrow). These structures will provide considerable contributions to quantities such as photoionization rates, recombination rates etc, from low to high temperatures.
The other prominent type of resonance, Seaton or the PEC (photo-excitation-of-core) resonance, forms at an excited core threshold as the core excites to an allowed state while the outer electron remains as a 'spectator' which is followed by photoionization and core dropping to the ground state. It is usually distinguishable because of its wider width and higher peak. A PEC or Seaton resonance is illustrated in Fig. 5 for excited 3d 5 6 S4d( 7 D) state of of Cr I.
15
It exhibits non-hydrogenic nature of an excited state cross sections in contrast to hydrogenic that is often 
Total and Level-Specific Electron-Ion Recombination
Electron-ion recombination in low temperature is usually dominated by radiative recombination when the electron combines with an ion by emission of a photon. The electron may not be energetic enough to excite the ion and go through dielectronic recombination. Hence typically the total recombination rate coefficient (α R ) starts high at low temperature due to dominance by RR, falls with temperature and then rises again at high temperature due to dominance of DR and forms a DR 'bump' which is followed by monotonic decay at very high temperature. An example showing the typical features of α R for recombination to a Li-like ion, S XIV, 17 is presented in Fig. 6 . The solid curve corresponds to the total unified recombination rate which is being compared with other existing separate RR and DR rates. Unified Total (Nahar 2008) e + S XV -> S XIV Fig. 6 . Total recombination rate coefficients (solid curve) for (e+S XV → S XIV) from unified method that is valid for entire temperature range incorporating both RR and DR. 17 Existing rates are available individually for RR and DR.
The recombination feature often changes for complex atomic systems by forming two or multiple DR 'bump's. The positions of these bumps depend on the resonance positions in photoionzation. For example, one DR bump may form in the low temperature region, such as for recombination of Fe II. 27 In a rare case, almost four bumps may form, as seen in Fig. 7 for recombination to Ar XIII. One important advantage of the unified method is to have state-specific recombination rate coefficients α R (nLS), including both RR and DR, for many bound levels. These are obtained from integration of state-specific photoionization cross sections as explained in the Theory section. Fig. 8 shows levelspecific recombination rate coefficients for He-like S XV.
17 The rates correspond to (a) the ground level and four excited levels (b) 2s2p
, (e) 2s2s( 3 S 1 ) that form the wellknown diagnostic allowed w, intercombination y, and forbidden x, z lines of He-like ions for high temperature plasmas. The hydrogenic decay of a level-specific recombination rate changes by a DR bump or shoulder in the high temperature. These rates are needed for the cascade matrix and determination of level populations.
Unified Method Extension for Dielectronic Satellite Lines
The unified method for total electron-ion recombination has been extended recently 20 to study the dielectronic satellite (DES) lines. These lines, formed from radiative decay of autoionizing states, are highly sensitive temperature diagnostics of astrophysical and laboratory plasma sources. Most common DES lines in astrophysical spectra are formed by collision of (e+He-like ion) creating a 3-electron Lilike ion. Among DES lines, the 22 DES lines of KLL (1s2l2l') complex below the core excitation 1s
) (w-line) are used most because of higher resolution or separation among them, especially for highly charged ions.
The earlier treatment of DES lines is based on isolated resonance approximation (IRA), e.g., 21 where rate coefficient of a DES line is obtained as,
is the DES energy. The single energy point can not provide the natural shape of the DES lines and hence a line profile (or cross section shape depending on one's perspective) is often assumed. IRA treats the resonances essentially as bound features, except for the inclusion of dielectronic capture into, and autoionization out of these levels.
In contrast, the unified method, by including the coupling between the autoionizing and continuum channels, gives the intrinsic spectrum of DES lines which includes not only the energies and line strengths as S = f i σ RC d from the unified σ RC that includes both RR background and DR, but also the natural line (or cross section) shapes. Since unified recombination cross sections (σ RC ) include both the resonant and the non-resonant background contributions. the DES spectra correspond directly to resonances in σ RC . The recombination rate coefficients of DES lines can be calculated from direct integration over the product of the resonant cross sections and temperature-dependent factors.
Using the unified approach, the entire spectra of DES line intensities and recombination rates for the 22 satellite lines of KLL complexes can be produced. Fig. 9 presents the DES spectra of heliumlike Fe XXV 20 which is applicable to analysis of Kα complexes observed in high-temperature X-ray emission spectra. The top panel (a) presents total spectrum that can be observed and bottom three panels (b-d) present individual component states that contribute to the total spectrum. Individual spectra provides the identification of the DES lines. It may be noted that the natural widths and overlapping of lines are inherently included in the total spectrum. The method was benchmarked by comparing the recombination rates of the DES lines with the existing rates and very good agreement was found for the strong lines. ), (d)
).
X-ray Spectroscopy from Astronomy to Bio-medical Science
Study of atomic astrophysics research is applicable to medical and nanotechnology research because of similarities. However, interest of atomic species is different from those in astrophysics. We have extended the current investigation to spectral models for Xray absorption and transmission, and properties of chemical compounds of high-Z elements for possible bio-medical application. Heavy elements, such as gold, interact very efficiently with X-rays with large attenuation coefficients. Ionization and excitation of extended electronic shells have large photoabsorption cross sections up to very high energies. Gold nanoparticles, which are intoxic in living tissues, are being used in study of therapy and diagnostics for cancer treatment. Irradiation with gold nanoparticles in nice cancer has shown reduction of tumor growth. 22 Most of the irradiation methods use broadband radiation that cause sufficient damages. Present work aim in narrow band irradiation using resonant energy ranges.
We have calculated the Auger resonant probabilities and cross sections of gold ions to obtain total mass attenuation coefficients using detailed resonance structures for the K −→ L,M,N,O,P shell transitions. The X-ray mass absorption is shown in Fig.  10 for gold nanoparticles with vacancies in 2s, 2p subshells. It is seen that X-ray absorption is considerably enhanced by factors of up to 1000 or more at energies of K-shell resonances from K-alpha excitation energy, ∼ 67.7 to K-ionization edge at ∼82 keV.
? This is potentially useful in the calculation of resonant plus non-resonant attenuation coefficients by high-Z elements in plasmas created with high-intensity lasers, monochromatic synchrotron light sources, and electron-beam-ion-traps.
A simulation was carried out for resonant K α X-ray (68 keV) absorption by gold nanoparticles in tissues. A phantom is assumed where a thin film of Au, 1.0mm/g, is deposited in a tumor 10 cm inside from the skin. As the 68 keV X-rays pass through the phantom, the percentage depth deposition (relative to background) of the radiation due to partial Kα attenuation is found to be in complete absorption within < 1 cm of the Au-layer, as shown in Fig. 11 . This relates to the development of novel monochromatic or narrow-band X-ray sources. By Gold Nanoparticles Fig. 11 . Percentage depth deposition (relative to background) of 68 keV X-rays irradiated on body tissues where a film of gold nanoparticles of concentration 1.0mm/g is embedded in a tumor 10 cm inside the surface. Deposition due to partial Kα attenuation by gold show complete absorption of X-rays within < 1 cm of gold layer. ?
Conclusion
Dominant radiative atomic processes, such as photoexcitaions and de-excitations, photoionizatioon, and electron-ion recombination, in astrophyical plasmas are discussed. Features revealed from detailed study of the processes under the Iron Project are reported. Extensions to total and level-specific electron-ion recombination and di-electronic satellite lines provide self-consistent set of atomic data for the inverse processes vio unified theory. The international collaborations of the Opacity Project and the Iron Project have resulted in large amount of atomic data for the astrophysically abundant atoms and ions from hydrogen to nickel in various ionization stages. They are available through databases, TOPbase and TIPbase at vizier.u-strasbg.fr/topbase/topbase.html and opacities.osc.edu. New and more updated results on photoionization cross sections and recombination cross sections and rates from Ohio State Atomic Astrophysics group (Nahar et al) is available from NORAD webpage at www.astronomy.ohio-state.edu/∼nahar
